widely used in most of fire behavior prediction systems, it is often introduced as a significant factor of plant species flammability (Fernandes and Rego 1998; Papió and Trabaud 1990; White and Zipperer 2010) . Surface area-to-volume ratio (SVR) is also a critical plant property, considered as central to fuel characterization and fire risk assessment (Fernandes and Rego 1998; Hachmi et al. 2011a ). SVR varies not only from a species to another-as reported in the literature- (Dimitrakopoulos and Panov 2001; Fernandes and Rego 1998; Hachmi et al. 2011a; Papió and Trabaud 1990; Hernando et al. 1995; Pereira et al. 1995) but within the same species, it is also influenced by the leaf moisture content especially foliar SVR, since leaf thickness [major element of SVR (Hachmi et al. 2011a) ] is strongly correlated with moisture content (Búrquez 1987; Bacelar et al. 2004) . Indeed, leaf thickness decreases when moisture content decreases (Búrquez 1987) and according to SVR computing formula (Hachmi et al. 2011a) , SVR rises making the plant material even more flammable. Thus, leaf thickness variation could significantly affect the flammability of the species and therefore must be taken into account in plant flammability assessment in order to enhance the efficiency of the fuel hazard prediction models. Thickness variation range can be better approached from the "leaf shrinkage" concept by drawing upon the wood shrinkage concept that is among the most important wood properties. Thus, the more important the leaf shrinkage is, the higher the potential increase of SVR will be. No report has previously considered the leaf shrinkage parameter during the evaluation of the pyric properties of plant species. The importance of the leaf shrinkage is its contribution in SVR variation, so modifying one of the most significant pyric properties. Besides, given that leaf shrinkage depends on thickness variation as a response to water deficit, it can be a means of assessing water status of the plant in xeric conditions, since thicker leaves contain a greater volume of water (Bacelar et al. 2004) . The assessment of this parameter would be relevant to fuel hazard rating (Alexander and Cruz 2012; Pausas et al. 2012) .
Otherwise, leaf shrinkage is the combination of dimensional shrinkages following the three dimensions of the leaf (thickness, width and length). It would make sense, therefore, if we studied leaf shrinkage with regard to its three components. In addition, given that leaf shrinkage is highly influenced by the moisture content, this cause-and-effect relationship may be also affected by site effect since leaf moisture content is governed by the ecological factors (Papió and Trabaud 1990) .
The aim of this work is, first, to characterize plant species by their leaf shrinkage potential and its dimensional ranges and then, to assess the possible effect of site on leaf shrinkage and to characterize the behavior of shrinkage as a function of moisture content. The next objective is to classify the forest fuels examined based on their potential leaf shrinkage.
Methods

Study sites
Six sites were located throughout northwestern Morocco (western Rif Mountains). Each site had experienced no fires for at least 3 years and contained a suite of canopy and understory species characterizing the respective ecosystems. All the study sites are properties managed by the Moroccan High Commission for Forests and gather forests of Larache, Ahl Srif and Souk L'Qolla (Larache province), Tanaqoub, Dardara (Chefchaouen province) and Bellota forest (Ouezzane province) (Table 1) . Each site was chosen according to an altitudinal gradient starting at the cork oak forests (Atlantic coast) to pine forests of Chefchaouen and in a purpose to cover most tree and shrub species.
Species selection and sampling
Canopy and understory species were chosen based on their abundance in the ecosystems of Western Rif. The tree species studied were Pinus pinea (stone pine), Pinus pinaster (maritime pine), Pinus canariensis (Canary Island pine), Ceratonia siliqua (carob tree), Quercus suber (cork oak) and Quercus coccifera (kermes oak). Shrub species were Arbutus unedo (strawberry tree), Cistus albidus (grey-leaved cistus), Cistus crispus (wrinkle-leaved rockrose), Cistus monspeliensis (narrow-leaved cistus), Cistus salviifolius (sage-leaved rockrose), Pistacia lentiscus (mastic tree) and Viburnum tinus (laurustinus) ( Table 1) .
The species were selected according to their availability at the site. The samples were harvested in August 2014. Because leaves are considered the most flammable parts of the plants (Dimitrakopoulos and Papaioannou 2001) , only leaves and needles were collected. To eliminate the possible effect of age, six leaves or needles samples of different size and morphologies were selected from each species and at each sampling site. A total of 120 leaves and 30 needles was harvested from the sites, placed into sealed plastic bags and transported in a cooler with ice. Samples were monitored at the Laboratory of Wildfire Research, Ecole Nationale Forestière d'Ingénieurs located in Salé, Morocco.
Samples physical characteristics and moisture content monitoring
Once in the laboratory, measurements concerning length, width, thickness and weight of the live fresh foliage samples were taken as Hachmi's et al. method (2011a) . To assess the shrinkage variability of the samples depending on their moisture content, sample dimensions were monitored during their progressive drying. Samples were therefore placed inside papers and pressed the first days of drying, in order to keep their initial shape and still adapted to size measurements even dry. Dimensions and weight measurements are repeated at regular intervals until the samples dried. During the air-drying period, the first days when the drying rate is high, the morphological and weight measurements are taken every 12 h. Later, as the air-drying rate decreases appreciably, the measurements are performed every 24 h. Once the samples are completely air-dried, and in an objective Moisture content of each sample was computed based on oven-dry weight (Behm et al. 2004) as follows:
Leaf shrinkage corresponding to each size, also called dimensional shrinkage, was calculated per plant species, sampling site and moisture content level using the following formula (Hiziroglu 2007 ):
Total leaf shrinkage was also calculated using the sum of the three dimensional shrinkages for each species.
All weights were measured at the laboratory with a Kern ® ALJ 120-4 balance with a maximum of 120 g and accuracy to 0.1 mg. Length, width and thickness measurements were carried out using a digital electronic caliper Powerfix ® 0-150 mm Z11155.
Statistical analysis
Species data were analyzed for species and sampling site effects using one-way ANOVA test, at 95 % confidence level, in IBM Statistical Package for Social Sciences (SPSS). Pairwise comparisons of means were performed using Duncan's test.
Results and discussion
Dimensional shrinkages
In response to water loss, leaves and needles shrunk. This shrinkage was globally more visible thicknesswise than in the other directions (Table 2 ). This result is in accordance with Bacelar et al. (2004) , which attributed the leaf shrinkage primarily to the thickness decrease. The highest thickness shrinkage values were recorded at P. pinea (48.07 %), P. pinaster (45.23 %) and at one site (Dardara) with respect to P. canariensis (43.00 %) and P. lentiscus (45.60 %). Otherwise, the lowest values belonged to C. salviifolius (19.81 %) and P. canariensis at two sites (Ahl Srif and Bellota, 10.93 and 4.53 % respectively). In the thickness direction, leaves of most species exceeded 25 % except for C. salviifolius and P. canariensis at two sites (Ahl Srif and Bellota). Shrinkages widthwise and lengthwise were almost equal except for pine needles, leaves of C. albidus, C. monspeliensis, P. lentiscus and Q. suber, where shrinkage widthwise was greater than shrinkage lengthwise. In the widthwise, the leaves of C. siliqua (4.47 %), V. tinus (4.90 %) and oak species (~5 %) were the samples that retracted least, whilst generally pine needles shrunk most (15-34 %). This shrinkage was <15 % in most species Moisture content (%) = fresh instant weight − ovendry weight ovendry weight × 100
except for P. pinea, P. pinaster and P. canariensis at one site (Dardara). In the lengthwise, leaf shrinkage of P. canariensis (~1 %) and P. pinaster (1.63 %) was the lowest, whereas it was more enhanced in Cistus species (6.24-9.62 %). Total shrinkages of Cistus species were close and varied from 39.92 % (Cistus crispus) to 55.26 % (Cistus albidus). Pinus pinea needles had the highest total shrinkage values (85.89 %), while Q.coccifera and Q. suber indicated the lowest values (34.17 and 34.32 % respectively) ( Table 2 ). In the thickness direction, needles of P. pinea, P. pinaster and P. canariensis (Dardara) were almost similar. Pinus pinaster and P. canariensis showed also close leaf shrinkage lengthwise (~1 %). Oak species leaves displayed almost the same values concerning total shrinkage (~34 %), shrinkage thicknesswise (~26 %), widthwise (~5 %) and lengthwise (~3 %). As regards the species that were harvested in several sites (Table 1) , one-way ANOVA, at 95 % confidence level, was performed to test the site effect on total leaf shrinkage. The test showed no significant effect for most of these species with p values varying from 0.128 (A. unedo) to 0.354 (C. monspeliensis) except for P. canariensis and P. lentiscus, for which p value = 0.000. The three sites where P. canariensis needles were sampled indicated all statistical differences. This is due to anatomical differences in P. canariensis needles, owing to the environmental conditions variability (Grill et al. 2004) . Regarding the leaves of P. lentiscus, only one site (Dardara) was significantly different from the other sites (Ahl Srif and Souk L'Qolla), considered similar. According to Barazani et al. (2003) , there is a high polymorphism in P. lentiscus leaves. This warrants the significant shrinkage differences observed between certain sites.
The evolution of leaf shrinkage in the direction of thickness, width and length (dimensional shrinkage) according to leaf moisture content is shown in Figs. 1, 2 . Leaf shrinkages related to P. canariensis and P. lentiscus, which are significantly influenced by site effect, are presented in such a way as to cover all the statistically different sites. Leaf shrinkage in the thickness direction was by far the most dominant with regard to the shrinkages widthwise or lengthwise, whatever the species and the site (Figs. 1, 2 ). In the thickness direction, leaf shrinkage is even more important that the moisture content is low. In any case, shrinkage thicknesswise increased quickly at the beginning and then stabilized once a determined threshold is reached. Otherwise, the shrinkages lengthwise and widthwise generally merged and remained minors. Yet, the shrinkage widthwise got closer to the shrinkage thicknesswise for pine needles (all sites) (Figs. 1, 2) , while in C. salviifolius leaves, the three shrinkages evolved jointly one beside the other, despite the persistent dominance of the shrinkage thicknesswise (Fig. 1) .
The moisture content threshold below which the shrinkage thicknesswise stabilizes depended on the species, though some species had almost the same threshold. Indeed, all Cistus species displayed close thresholds (8-13 %). Pinus pinaster and P. pinea shrinkages both stabilized below the same threshold (83 and 85 % respectively). Species such as A. unedo, Q. coccifera and V. tinus showed close thresholds although they are not within the same genus. Pine needles had particularly the greatest thresholds (61-98 %), whilst Cistus species exhibited the lowest ones (8-13 %).
Comparison with wood shrinkage
The anisotropic nature of timber leads to a shrinkage difference depending on the direction considered (Nepveu 1994) . The tangential, radial and longitudinal anisotropy directions of timber correspond respectively to the thickness, width and length directions of the leaf. The shrinkage thicknesswise dominance over the others dimensional shrinkages is comparable to the dominance of the tangential shrinkage in wood over the radial and longitudinal shrinkages. Furthermore, the shrinkage widthwise is generally either greater or close to the shrinkage lengthwise, which is quite similar to the shrinkage behavior in wood. We conclude that the leaf behaves similarly to wood in response to drying.
Forest fuels classification based on total leaf shrinkage
The comparison between total leaf shrinkage values related to the 13 forest fuels, through one-way ANOVA and Duncan's multiple comparison test (95 % confidence level) showed highly significant statistical difference among the total foliar shrinkage values of the species examined (Table 3) , which formed 3 levels of significance (Table 4) . Most species fell into medium shrinkage category, whilst oak species were classified as low shrinkage species. Pinus pinaster and P. pinea showed greater leaf shrinkage values . unedo, C. siliqua, C. albidus, C. crispus, C. monspeliensis, C. salviifolius and P. canariensis (Ahl Srif and Bellota) that enabled them to achieve the high shrinkage category ( respectively), but at Dardara, it can be regarded as moderately shrinkable (64.83 %). P. lentiscus leaves were classified as highly shrinkable (72.48 %) at Dardara. However, at Ahl Srif they were ranked as moderately shrinkable (45.88 %).
Leaf shrinkage versus drought-coping mechanisms and plant flammability
Leaf shrinkage, since it is primarily related to thickness variation, is determined by the amount of water inside the leaf (Bacelar et al. 2004; Bussotti et al. 2002) and the ability of the leaf cells to lose turgor after a water loss under drought conditions (Bussotti et al. 2002) . Indeed, water stress induces an increase in cell wall elasticity (Martínez et al. 2007; Piñol et al. 1998) in preparation for leaf cells contraction (Martínez et al. 2007 ), resulting in leaf shrinkage. However, in order to cope with drought conditions, some adaptive mechanisms can mitigate this response (Aranda et al. 2014; Bacelar et al. 2004; Bussotti et al. 2002) . Besides the stomatal regulation, sclerophylly is among the most common drought-coping plant feature (Aranda et al. 2014) . Sclerophylly is enhanced by building parenchymatous tissues and the upper cuticular layer (Bacelar et al. 2004; Bussotti et al. 2002) , increasing thereby the leaf tissue density (Aranda et al. 2014; Bussotti et al. 2002) and avoiding desiccation (Aranda et al. 2014; Pardos et al. 2009; Bacelar et al. 2004; Bussotti et al. 2002) . The increased tissue density and water conservation both help to limit leaf shrinkage, since the parenchymatous tissues act as reinforcement support for the leaf internal components (Grill et al. 2004 ) and the water retention maintains the leaf turgor (Bacelar et al. 2004) . Indeed, the sclerophyllous character of the leaves of oak species made them least shrinkable as shown in the shrinkage classification table (Table 4 ). This feature enables the oak leaves to remain turgid as possible and therefore reduces the shrinkage potential. The leaves of Cistus species are less sclerophyllous than those of oaks, though they have a relatively thick cuticle that can mitigate the hydric stress effects (Aranda et al. 2014; Pardos et al. 2009; Bacelar et al. 2004; Bussotti et al. 2002) . Therefore, Cistus leaves are classified as moderately shrinkable. The high shrinkage potential of P. pinaster and P. pinea can be explained by the prominence of two main parameters. Pine needles have, first, thin cuticle, allowing increased cuticular transpiration (Aranda et al. 2014; Pardos et al. 2009 ) and, secondly, pine needles are less sclerophyllous, depriving thereby the leaf of a mechanism limiting uncontrolled transpiration (Grill et al. 2004 ). This results in high desiccation susceptibility of the needles (Grill et al. 2004) , which increases therefore the shrinkage potential (Bacelar et al. 2004 ). Otherwise, P. canariensis needles are less shrinkable than the other pine needles (Table 2) . Pinus canariensis needles distance themselves from other pine needles through their particular epistomatal chamber, with a narrow aperture, where wax tubes are very dense and their small stomata compared to other pine species (Grill et al. 2004 ). These characteristics are responsible for the stomata occlusion (Jimenez et al. 2000; Zellnig et al. 2002) . Thus, this arrangement of stomata cells inhibits transpiration (Zellnig et al. 2002) in order to limit water loss and then mitigate leaf shrinkage (Bacelar et al. 2004; Bussotti et al. 2002) . In addition, cuticular transpiration in P. canariensis needles is the lowest among Pinus species (Pardos et al. 2009) , showing even more fitness to keep water inside the needles, decreasing thereby the shrinkage potential (Bussotti et al. 2002) . Furthermore, leaf shrinkage in P. canariensis varies significantly from a site to another. This result is in accordance with the following reports Climent et al. (2002) , Grill et al. (2004) , López et al. (2007) and Pardos et al. (2009) that highlighted a variation in the physiological response to hydric stress of P. canariensis needles from one site to the other. According to Grill et al. (2004) , this is due to the variable anatomy of P. canariensis needles, which changes depending on environmental conditions. Leaf shrinkage gives an idea on the potential of the leaf to change its dimensions and particularly its surface area-to-volume ratio when it dries and becomes litter. This potential is even more important to assess when we know that litter is the most vulnerable forest fuel towards wildfire. Indeed, litter is the forest fuel that has the greatest ignitability and combustibility (Liodakis et al. 2008) . Afterward, the positive dimensional shrinkage values (Table 2) showed that all the dimensions studied decreased substantially-mainly thickness-as the drying and according to Hachmi's et al. (2011a) SVR formula, SVR would have increased as a result. Species ranking in terms of their leaf shrinkage implies a ranking of the potential SVR variation range and subsequently help in wildfire prediction and fire hazard assessment (Fernandes and Rego 1998; Hachmi et al. 2011a; Hernando et al. 1995; Brown 1970; Rothermel 1983 ). In addition, since SVR is a characteristic favorable to flammability (Dimitrakopoulos and Panov 2001; Fernandes and Rego 1998; Hachmi et al. 2011b; Papió and Trabaud 1990; Pereira et al. 1995) , the leaf shrinkage ranking of a species should be positively correlated with its corresponding flammability class. Our results showed that comparisons between shrinkage class of a plant species and its flammability class as reported in the literature revealed two different scenarios. Shrinkage classes of species such as A. unedo, C. siliqua, C. albidus, C. crispus, C. monspeliensis, C. salviifolius and V. tinus provided insights into their corresponding flammability classes as suggested by Dimitrakopoulos (2001) , Dimitrakopoulos and Papaioannou (2001) , Liodakis et al. (2008) and Hachmi et al. (2011b) . Although the leaves of Quercus species were less shrinkable, they were regarded as flammable by the latter reports. This may be due to the numerous parameters involved in the determination of the species flammability, such as ash content, bulk density, fuel loading by size class and heat content (Dimitrakopoulos and Panov 2001; Papió and Trabaud 1990; White and Zipperer 2010; Behm et al. 2004) . As leaf shrinkage in P. canariensis and P. lentiscus was site-dependent, their flammability would be also influenced by site effect and even related to other flammability parameters.
Conclusion
This study focuses on leaf shrinkage-in the directions of thickness, width and lengthin relation to moisture content; and the classification of forest fuels based on their leaf potential shrinkage. Future research prospects are conceivable for the extension of the shrinkage database in more plant species and for further clarification of the relation between leaf shrinkage and plant flammability. We conclude from this work that shrinkage, whether in timber or in leaf, behaves in the same way and the shrinkages in the three directions maintain the same reporting relationships between each other. Besides, leaf shrinkage raises when the moisture content decreases. Pinus canariensis needles are globally distinguished from other pine needles by low shrinkage and therefore show more drought-resistance ability, in accordance with the features of these needles as reported in the literature. Species of the genera Cistus and Quercus are respectively moderately and less shrinkable by dint of their mechanisms of drought tolerance.
